BLAT (BLAST-Like Alignment Tool) analyses of the opossum (Monodelphis domestica) and zebrafish (Danio rerio) genomes were undertaken using amino acid sequences of the acylglycerol acyltransferase (AGAT) superfamily.
INTRODUCTION
Acylglycerol acyltransferases (AGATs) are predominantly responsible for triglyceride synthesis in the body, via two major pathways: the glycerol phosphate (GP) pathway (Kennedy, 1957) and the monoacylglycerol (MG) pathway (see Coleman and Lee, 2004; Yen et al, 2008) . The final step of both pathways involves diacylglycerol and fatty acyl CoA being catalytically converted into triglyceride via two distinct DGAT (diacylglycerol O-acyltransferase, E.C.2.3.1.20) families, DGAT1 and DGAT2 (Cases et al., 1998; Oelkers et al, 1998) . The two pathways differ in the mode of synthesis of diacylglycerols prior to catalysis by DGAT1 and/or DGAT2, with the GP pathway involving de novo synthesis from glycerol-3-phosphate and fatty acyl CoA, whereas the MG pathway uses partially hydrolyzed monoacylglycerols and fatty acyl CoA. This penultimate step in the MG pathway is catalyzed by enzymes encoded by the monoacylglycerol acyltransferase (MGAT; 2-acylglycerol O-acyltransferase; EC 2.3.1.22) gene sub-family, for which three MGAT (also designated as MGOT and MOGAT) genes have been reported in humans (Yen et al., 2002; Cheng et al., 2003) . The human DGAT2-like gene family comprises at least seven members, including DGAT2 (Cases et al., 2001) , MGAT1 (Yen et al., 2002) , MGAT2 (Yen and Farese, 2003) , MGAT3 (Cheng et al., 2003) , and three genes located together on the X chromosome (DGAT2L6, AWAT1 and AWAT2) (Turkish et al., 2005) . The latter two genes encode enzymes with acyl CoA wax alcohol acyltransferase (AWAT) activity, and are specifically expressed in sebocytes (skin), and play a role in preventing surface desiccation by the formation of wax esters.
The triglyceride forming pathways are differentially distributed in the body with the GP pathway being widely distributed and responsible for triglyceride synthesis in most tissues of the body. The MG pathway however is predominantly localized in specific cell types, including enterocytes (intestine), hepatocytes (liver) and adipocytes (adipose tissue), where large amounts of triglycerides are synthesized or stored. In particular, MG is the major pathway of the small intestine, where partially hydrolyzed fats are used to synthesize triglycerides following lipid ingestion (see reviews in Coleman and Lee, 2004; Yen et al, 2008) .
This study describes the predicted sequences, structures and phylogeny of diacylglycerol acyltransferase-like (DGAT) and monoacylglycerol acyltransferase-like (MGAT) genes and enzymes from eutherian (human and mouse) and marsupial (opossum) mammals and from a bony fish (zebrafish) species. Computational methods were used to predict the primary, secondary and transmembrane structures for these enzymes, as well as gene locations, exonic structures and sequences for MGAT-and DGAT-like genes, using published data from genome sequences. Predictions of MGAT-and DGAT-like enzyme sequences from a wider range of vertebrates were also used to examine the phylogeny and evolution of these genes and to identify conserved amino acid residues, including likely candidates for the active sites and substrate binding regions for these enzymes.
MATERIALS AND METHODS

2.1
DGAT and MGAT Gene and Enzyme Identification.
BLAT (BLAST-Like Alignment Tool) studies were undertaken using the UC Santa
Cruz web browser [http://genome.ucsc.edu/cgi-bin/hgBlat] (Altschul et al., 1990; Kent et al., 2002) (von Heijne, 1992; Tusnady and Simon, 2001) . Theoretical isoelectric points and molecular weights for MGAT and DGAT subunits were obtained using Expasy web tools: (http://au.expasy.org/tools/pi_tool.html).
Alignment of Conserved Vertebrate DGAT-like and MGAT-like Residues.
Alignments of vertebrate DGAT-like and MGAT-like sequences were undertaken using a ClustalW-technique (http://www.ebi.ac.uk/clustalw/) (Chenna et al., 2004) and previously reported sequences for the human, mouse, zebrafish and other sequences obtained from BLAT and BLAST analyses following analyses of NCBI databases (http://www.ncbi.nlm.nih.gov/) (Table 1; see   Supplementary Table) . Predictions of key DGAT-like and MGAT-like amino acid residues were obtained from previous biochemical analyses of mammalian DGAT1 (Cases et al., 1998; Guo et al., 2001) and from the conserved sequences observed for the human, mouse, opossum, zebrafish and other vertebrate enzymes.
Phylogenetic Studies and Sequence Divergence.
Phylogenetic trees were constructed using a ClustalW-derived amino acid alignment of DGAT-like and MGAT-like protein sequences, obtained with default settings and corrected for multiple substitutions (http://www.ebi.ac.uk/clustalw/) (Chenna et al., 2003) . Percentage sequence identities for the DGAT1 and DGAT2-like family subunits examined were determined using the SIM-Alignment tool for Protein Sequences (http://au.expasy.org/tools/simprot.html) (Schwede et al., 2003) .
RESULTS AND DISCUSSION
3.1
Alignments of opossum and zebrafish DGAT1 amino acid sequences with human and mouse DGAT1. Evidence for two zebrafish DGAT1-like genes.
The deduced amino acid sequences of a predicted opossum DGAT1 subunit and two predicted forms of zebrafish DGAT1 subunits (designated as DGAT1A and DGAT1B) are shown in Figure 1 together with the previously reported sequences for human and mouse DGAT1 (Oelkers et al., 1998; Buhman et al., 2002 ) (see Table 1 ). The enzymes contained 488-505 amino acid residues in sequence and exhibited predicted MWs of ~ 55-58 kDa's and high theoretical isoelectric points (pI values of 9.4-9.6) ( Table 1 ). The alignments showed high levels of sequence identities for human and mouse (85%) and for human and opossum (78%) DGAT1 but lower levels of identity for the mammalian sequences with zebrafish DGAT1A and DGAT1B sequences (59-61%) (Supplementary Table 2 ). Regions of high sequence identity were observed for the mammalian and zebrafish DGAT1 sequences, with the exception of the N-and C-termini and residues 229-240
for the human DGAT1 sequence (Figure 1 ) where more diverse sequences were observed. All of the DGAT1 sequences examined were distinct from the DGAT2-like and MGAT-like sequences with <14% identity. This suggests that these enzymes are products of the same DGAT gene family (DGAT1) which is separate from the DGAT2 family. The amino acid sequences observed for zebrafish DGAT1A
and DGAT1B were ~63% identical (Figure 1 ; Supplementary Table 2) , and the genes encoding these enzymes (DGAT1A and DGAT1B) were localized on different zebrafish chromosomes (16 and 19 respectively) (see Table 1 ). This supports the presence of two DGAT1-like genes in this species.
3.2
Alignments of opossum and zebrafish MGAT-like and DGAT2-like amino acid sequences with the corresponding human and mouse enzymes.
Predicted opossum DGAT2-like subunits were designated DGAT2, AWAT1, AWAT2, DGAT2L6, MGAT1, MGAT2 and MGAT3 following alignment of deduced amino acid sequences with the corresponding human enzymes (Figure 2 ). High levels of sequence identity with the human enzymes were observed in each case: DGAT2 within the lumen of the ER for the N-terminus and then extending into the cytosol following the transmembrane bound structure (human MGAT3 was an exception). These included the AWAT-like subunits (AWAT1 and AWAT2), for which human and opossum AWAT2 exhibited a second predicted TrM structure near the center of the subunit (residues 130-150 for human AWAT2). This second predicted TrM AWAT2 structure allows for an intermediate segment to extend into the cytosol (residues 58-129 for human AWAT2) prior to the location in the lumen following the second TrM structure. These differences in TrM structures may play major roles in contributing to the separate roles for these enzymes in vivo.
Identification of Key Residues for Vertebrate DGAT1 and DGAT2-like Enzyme Subunits
Comparisons of predicted mouse, opossum and zebrafish DGAT1 sequences with the human DGAT1 sequence enabled identification of key residues which may contribute to catalysis and function ( Figure 1 ; Table 2 ). Likely active site residues for human DGAT1, previously proposed by Oelkers and coworkers (1998), included Asn378 and His415 (catalytic residues) and a heptapeptide sequence (Phe360-Tyr361-Arg362-Asp363-Trp364-Trp365-Asn366), recognized as a potential fatty acyl CoA binding site. Evidence for identifying these residues was based on similarities with the active site residues for human acyl CoA cholesterol acyltransferase (ACAT) and other members of the membrane bound O-acyltransferase (MBOAT) superfamily (see Hoffmann, 2000; Guo et al., 2001; Chang et al., 2001 ). The putative catalytic His415 for vertebrate DGAT1
was also predicted within a transmembrane sequence (TrM 7), which is similar to the active site positioning for ACAT, which led Chang and coworkers (2001) to propose that the catalytic transfer of the acyl group takes place within the lipid bilayer of the ER. These 'putative' active site residues have been retained for all mammalian, amphibian and zebrafish DGAT1 subunits examined ( Figure 1 ; Supplementary Table 1) .
Comparisons were also conducted of mammalian, opossum, amphibian (Xenopus) and zebrafish DGAT2-like sequences with the previously reported sequences for human and mouse DGAT2 and related family members, AWAT1, AWAT2
and DGAT2L6 (Cases et al., 1998; Oelkers et al., 1998; Turkish et al., 2005) Table 2 ). A likely neutral lipid octapeptide binding domain was identified at residues 80-87 (human DGAT2 numbers used) [Phe-Leu-X-Leu-X-X-X-n], where n is a nonpolar amino acid (Table 4) . This is consistent with a lipid binding domain previously 
3.5
Predicted gene locations and exonic structures for human, mouse, opossum and zebrafish DGAT1-like and DGAT2-like genes. Figure 2 ).
Mammalian AWAT1, AWAT2 and DGAT2L6 genes also exhibited 7 predicted exonic start sites in similar positions to the human, mouse and opossum genes examined (Table 1 ; Figure 2 ). Figure 4 summarizes the comparative exonic and intronic structures for the major human DGAT1 and DGAT2-like isoforms, illustrating the distinctive nature and sizes for these genes and their transcripts for the human genome.
Phylogeny and divergence of vertebrate DGAT1 and DGAT2-like sequences.
A phylogenetic tree ( Figure 5 ) was calculated by the progressive alignment of human, mouse, opossum and zebrafish DGAT1 and DGAT2-like amino acid sequences. The phylogram clustered into two major groups overall, corresponding to DGAT1 and DGAT2-like proteins and genes. The latter group was further divided into 7 groups, including mammalian AWAT1, AWAT2 and DGAT2L6, and vertebrate DGAT2, MGAT1, MGAT2 and MGAT3, which is consistent with the nomenclature proposed for these enzymes. The tandem locations on the X-chromosome for the three mammalian DGAT2-like genes (AWAT1, AWAT2 and DGAT2L6) and their apparent absence from chicken, frog and zebrafish genomes ( Table 2 ) is suggestive of an earlier common origin for these genes by tandem duplication of an ancestral DGAT2-like gene prior to the appearance of bony fish. The reasons for the retention of proximal locations of DGAT2 and MGAT2 genes over > 500 million years of vertebrate evolution remain to be established.
These studies of the comparative sequences of DGAT1 and DGAT2-like genes and proteins derived from mammalian and bony fish genomes strongly suggest that these two gene families have evolved separately during vertebrate evolution. This conclusion is based on the low levels of sequence identity (<14%) and the distinct phylogenetic relationships observed ( 
Functions of DGAT1 and DGAT2-like Enzymes
Human and mouse DGAT1 and DGAT2 catalyze the final step in triglyceride biosynthesis by catalyzing the joining of diacylglycerol with fatty acyl CoA.
The enzymes are differentially distributed in mammalian tissues with DGAT1 occurring in most tissues, whereas DGAT2 exhibits highest activity in the intestine, liver and adipose tissue, where triglycerides are required for major lipid biosynthesis for lipid digestion and transport, storage and lipoprotein synthesis (see Yen et al., 2008) . Knock-out mice for both enzymes have shown that DGAT1-deficient mice are viable but show major reductions in tissue triglyceride content but have normal plasma triglceride levels, whereas DGAT2-deficient mice die within hours of birth, and have severely reduced levels of triglycerides (Smith et al., 2000; Stone et al., 2004) . In addition to the catalysis of triacylglycerol biosynthesis, DGAT1 is also capable of synthesizing diacylglycerols, waxes and retinyl esters (Yen et al., 2005) . It is concluded however that DGAT2 has a more significant role in triglyceride biosynthesis in the body than DGAT1 although significant side effects were also observed for DGAT1-deficient mice, including an increased sensitivity to insulin and leptin, and atrophy of the skin sebaceous glands, resulting in hair loss and reduced formation of wax esters. The high levels of sequence identities for opossum and zebrafish DGAT1 and DGAT2 with the human and mouse sequences, (Figure 1 ; Supplementary Table 2 MGAT1 is expressed at much lower levels in human tissues, but shows higher expression levels in mouse tissues. Mouse MGAT1 is specific for catalyzing diacylglycerol synthesis and exhibits a preference towards monoacylglycerols containing unsaturated fatty acyl groups, and may play a role in recycling essential fatty acids in the body (Yen et al., 2002) . Human MGAT3 is specifically expressed in the digestive system, with high expression levels in the small intestine and colon, and may serve specific roles in lipid absorption by the digestive tract (Cheng et al., 2003) .
Conclusions
BLAT analyses of the opossum and zebrafish genomes using the amino acid sequences reported for human and mouse DGAT1 and DGAT2-like protein subunits were undertaken to interrogate these genomes. Evidence is reported for an opossum DGAT1 gene and six DGAT2-like genes, including DGAT2, AWAT1,
AWAT2, DGAT2L6, MGAT1, MGAT2 and MGAT3 genes. Evidence for two zebrafish and pufferfish DGAT1-like genes and four DGAT2-like genes (DGAT2, MGAT1, MGAT2
and MGAT3) is also described. Three of the opossum genes (AWAT1, AWAT2 and DGAT2L6) were closely localized on the X chromosome, which is comparable to the locations of these genes in human, mouse and several other mammalian genomes examined (see Supplementary Table) . Two other opossum DGAT2-like genes (DGAT2 and MGAT2) were also closely located on chromosome 4, for which tandem locations for these genes was observed for other mammalian, amphibian and zebrafish genomes examined (see Supplementary 
acyltransferase (MGAT) genes and enzymes examined
GenBank mRNA (or cDNA) IDs identify previously reported sequences or predicted sequences (see http://www.ncbi.nlm.nih.gov/Genbank/); UNIPROT refers to UniprotKB/Swiss-Prot IDs for individual DGAT and MGAT enzymes (see http://kr.expasy.org); DGAT and MGAT sequences were provided by the above sources; opossum AWAT, DGAT2L6, DGAT1, DGAT2, MGAT1, MGAT2 and MGAT3 protein sequences were obtained from a blast of the opossum genome using web tools of the National Center for Biotechnology Information (http://blast.ncbi.nlm.nih.gov/Blast.cgi) and the corresponding human sequences. Predicted exon/intron locations and gene sizes were obtained by BLAT interrogations of the opossum genome using the predicted DGAT and MGAT sequences and the UC Santa Cruz web tools ( http://genome.ucsc.edu); NCBI refers to database sources from the National Center for Biotechnology Information (http://www.ncbi.nlm.nih.gov/sites/entrez); ¹ refers to the predicted Ensembl sequence observed from the BLAT analysis of opossum AWAT2; ² not observed; bps: base pairs; pI: theoretical isoelectric point.
DGAT2-like
Putative Active Site¹ Neutral Lipid Binding Domain⁴ ¹Identification of predicted active site residues for vertebrate DGAT1 is based on previous studies of Oelkers et al., 1998; prediction of active site residues for DGAT2-like sequences is based on a region containing a conserved tetrapeptide sequence with histidine residues (the active site residue for human DGAT1); ²DGAT2-like consensus sequences were obtained following alignment of vertebrate sequences for the particular sub-family of DGAT2-like enzymes (sequences used included human, mouse, opossum, zebrafish (see Figure 2 ) and 9 other vertebrate sequences (see supplementary list of species examined) using the ClustalW technique (see methods); ³identification of the fatty acyl CoA binding site sequences for vertebrate DGAT1 is based on a previous report (Oelkers et al., 1998) ; ⁴ identification of a potential neutral lipid binding domain for vertebrate DGAT2-like sub-families is based on a report from Yen and coworkers (2008) . See Table 1 for sources of DGAT1 sequences: HuDGAT1: human DGAT1; MoDGAT1: mouse DGAT1; OpDGAT1: opossum DGAT1; ZfDGAT1A: zebrafish DGAT1A; ZfDGAT1B: zebrafish DGAT1B; * shows identical residues; : shows one conservative amino acid substitution; . shows two conservative amino acid substitutions; underlined bold font shows known or predicted exon junctions; predicted β-sheet and α-helix secondary structures are shown; key residues (active site H within TrM 7) and fatty acyl CoA binding site (FYRDWWN) are shown; predicted transmembrane structures are shown and numbered (TrM1-TrM9); the predicted topology for the polypeptide chains are represented as inside the endoplasmic reticulum (ER) (the lumen); and outside the ER (cytosol).
huDGAT2 
MKTLIAAYSGVLRGERQAEADRSQRSHGGPALSREGSGRWGTGSSILSALQDLFSVTWLNRSKVEKQLQVISVLQWVLSFLVLGVACS-AILMYIFCTDCWLIAVLYFTWLVFDWNTPKK 119 opDGAT2 MKTLIAAYSGVLRGEDQAET----------------------GSSILSALQDLFSIPWLNKSKVEKQLQVISVLQWVLSFLVLGITCS-LIFMYIFCTDCWLISVLYFTWLIFDWNTPKK 97 zfDGAT2 MKTILAAYSGVKKGS---------------------------GSSILSALHDLPTVPWLTRSKMVKHLQVISVLQFIMTFLTMGIACS-LLLMYMFCTDFWVISVLYVAWLIYDWNTPGQ
GAPEALDAHPGDYTVHLANKKGFIKLAIEHGADLVPIYSFGENEVFDQVQNPRGTWLRYIQERLQRI----MGVSLPLFHARG-VFQYTFGLMPYRKPINT-VVGRPIPVE--KNEKPTA 294 huMGAT3 GAHEALYSVPGEHCLTLQKRKGFVRLALRHGASLVPVYSFGENDIFRLKAFATGSWQHWCQLTFKKL----MGFSPCIFWGRGLFSATSWGLLPFAVPITT-VVGRPIPVP--QRLHPTE 305 opMGAT3 GANESLHGVPGEHCLTLLKRQGFVRLALRHGASLVPVYSFGENEIFTQASFGIGSWQRTLQAAFKKF----TGFAPCIFWGRGLLFR--WGLLPFPVPITT-VVGCPIPVP--YRPNPSQ 272 zfMGAT3 GAEESLTSSTGVNTVVIKHRKGFVRLALEHGADLVPVYSFGENELFPQVVLSEGSVGRRLQVLFKQI----MGFAPCIFTGG------RWLLLPYKLPVTT-VVGCPINVP--LVKIPTQ 300 * *. See Table 1 for sources of DGAT2-like sequences: huDGAT2: human DGAT2; opDGAT2: opossum DGAT2; zfDGAT2: zebrafish DGAT2; huAWAT1: human AWAT1; opAWAT1: opossum AWAT1; huAWAT2: human AWAT2; opAWAT2: opossum AWAT2; huDGAT2L6: human DGAT2L6; opDGAT2L6: opossum DGAT2L6; huMGAT1: human MGAT1; opMGAT1: opossum MGAT1; zfMGAT1: zebrafish MGAT1; huMGAT2: human MGAT2; opMGAT2: opossum MGAT2; zfMGAT2: zebrafish MGAT2; huMGAT3: human MGAT3; opMGAT3: opossum MGAT3; zfMGAT3: zebrafish MGAT3; * shows identical residues; : shows one conservative amino acid substitution; . shows two conservative amino acid substitutions; underlined bold font shows known or predicted exon junctions; predicted β-sheet and α-helix secondary structures are shown; potential active site and neutral lipid binding domain residues are shown eg HPHG (see Table 3 ); other fully conserved residues observed for all of the DGAT2-like sequences are also shown; predicted transmembrane structures are shown, note the additional transmembrane structure observed for the human and opossum sequences. See Table 1 for sources of DGAT1 and DGAT2-like sequences. The TMHMM web tools of the Center for Biological Sequence Analysis, Technical University of Denmark TMHMM Server plots the probability of the ALDH sequence forming a transmembrane helix (0-1) (shown in red for the relevant amino acid sequences) (http://www.cbs.dtu.dk/services/TMHMM/). Nine predicted transmembrane helices are identified for each of the DGAT1-like sequences; in contrast, only one major transmembrane helix (or helices) were observed for DGAT2-like sequences, with the exception of human and opossum AWAT2 sequences, which show a second major transmembrane region; regions of DGAT1 or DGAT2-like sequences predicted to be located inside or outside the membrane are shown in blue and pink, respectively. 
